Influence of biocompatible metal ions (Ag, Fe, Y) The surface morphologies and surface chemistry were investigated by SEM, AES and XPS. Surface changes were observed after all three kinds of elemental ion implantation. The results revealed that the modified layer was composed of two sublayers, including an outer oxidized layer with mixture of oxides and an inner implanted layer, after Ag and Fe ion implantation. Y ion implantation induced an Mg/Ca-deficient outer oxidized layer and the distribution of Y along with depth was more homogeneous. Both electrochemical test and immersion test revealed accelerated corrosion rate of Ag-implanted Mg-1Ca and Fe-implanted Mg-1Ca, whereas Y ion implantation showed a short period of protection since enhanced corrosion resistance was obtained by electrochemical test, but accelerated corrosion rate was found by long period immersion test. Indirect cytotoxicity assay indicated good cytocompatibility of Y-implanted Mg-1Ca. Moreover, the corresponding corrosion mechanisms involving implanting ions into magnesium alloys were proposed, which might provide guidance for further application of plasma ion implantation to biodegradable Mg alloys.
Introduction
Mg and its alloys, with good mechanical support, low Young's modulus (∼45 GPa) close to cortical bone, good biocompatibility and the unique property of biodegradation, have attracted great attention as next generation biodegradable metals [1] . So far, several biocompatible binary Mg-based alloy systems have been generated, including Mg-Ca [2, 3] , Mg-Zn [4] , Mg-Sr [5, 6] , Mg-Y [7, 8] , Mg-Li [9] and Mg-Ag [10] . Among them, Mg-Ca system stands out for bone implants. Previous studies have demonstrated good biocompatibility of Mg-Ca alloy as implant material with an enhancement of osteogenesis with Ca addition [2, 11, 12] . Meanwhile, living cells have been shown to accelerate the degradation process of Mg-Ca [13] . Thus both physical and chemical surface modifications are utilized for controllable degradation and better biocompatibility [14] [15] [16] [17] .
Plasma ion implantation would introduce no abrupt interface and layer delamination [18] . Moreover, plasma ion implantation is independent of thermodynamic limitations such as solubility and chemical formula, which means different surface properties can be obtained by modifying the species and quantities of implanted ions. With such unique feature, single/dual ion implantation of Al [19] [20] [21] [22] , Cr [23] , Ti [24] and Zr [25] without/with O had been investigated and proven to improve the corrosion resistance of pure Mg and/or Mg alloys. However, the neurotoxicity of Al is still uncertain [26] , while others are all bio-inert elements. Besides the bio-inert elements illustrated above, implantation of common alloying elements in biomedical Mg-based alloys has also been investigated. Zn had been reported to accelerate the corrosion rate after implanted to Mg alloys [27, 28] . Ag had been implanted to Mg-Ca-Zn alloy and was reported to weaken the corrosion resistance in SBF [29] . Y had been reported to improve the oxidization resistance of AZ31 [30] and the corrosion resistance of pure Mg in 3.5 wt.% NaCl [31] . However, none of these researches investigated the biocompatibility. Thus a comprehensive research, in which bioactive elements are implanted to Mg alloys, with both corrosion and biocompatibility evaluation covered is needed. Moreover, since both enhanced corrosion resistance and increased corrosion rate were obtained from literatures after plasma ion implantation of Mg-based alloys, the reason and exact mechanisms for the different corrosion behavior need to be investigated.
From the perspective of biocompatibility, implantation of bioactive elements will benefit healing process post-surgery. Ag has been proved an acceptable cytotoxicity from biodegradable Mg-Ag alloy systems [32] . 3D printed Fe-30Mn porous scaffolds have been reported to have good cytocompatibility to MC3T3-E1 cells [33] , which indicated the good biocompatibility of Fe for orthopedic surgeries. As for Y, Previous study has demonstrated good cytocompatibility of Mg-1Y (wt.%) to MC3T3-E1 cells [34] . Moreover, the addition of extracts of Mg-Y alloy to culture media benefited the osteogenic differentiation of hMSC [35] .
In this study, the biocompatible Ag, Fe and Y were implanted to our previous developed as-extruded Mg-1Ca (wt.%). The microstructure, surface chemistry and in vitro corrosion performance were assessed. The biocompatibility of the ion-implanted samples was evaluated with indirect assay. Moreover, two distinct corrosion mechanisms were illustrated and discussed to give guidance for further applications.
Materials and methods

Sample preparation
The Mg-1Ca (wt.%) alloy ingot was prepared from commercial pure Mg (99.98%) and Ca (99.95%) in a crucible. The ingot was then extruded with a reduction ratio of 12 at 320 • C. The experimental Mg-Ca alloy samples were cut from the rod with 10 mm in diameter and 2 mm in thickness, following with mechanically polished up to 2000 grit, ultrasonically cleaned in acetone, absolute ethanol and distilled water, and then dried in open air.
Ion implantation was conducted with a metal vapor vacuum arc ion source (MEVVA, Beijing Normal University, Beijing, China). The dose of implanted ions for Ag, Fe and Y respectively was 2 × 10 17 ions cm −2 . The pressure of the target chamber was 2 × 10 −3 Pa, whilst the implanting voltage and current were 45 keV and 2 mA, respectively.
Surface characterization
The surface morphologies before/after ion implantation were investigated with SEM (S-4800 Emission Scanning Electron Microscopy, HITACHI, Japan). AES (PHI-700 Auger Electron Spectroscopy, ULVAC-PHI, Japan) was adopted with the sputtering rate of SiO 2 at 18 nm min −1 . XPS (Axis Ultra, KRATOS ANALYTICAL, Britain) with Al K␣ radiation was utilized to examine the surface chemical composition. High resolution narrow scanning was conducted to determine the binding state of Ag 3d, Mg 2p, O 1s, Ca 2p, Fe 2p and Y 3d.
Electrochemical test
A three electrodes cell with a platinum counter-electrode and a saturated calomel electrode (SCE) as the reference electrode was utilized for electrochemical test. The electrochemical test was carried out in Hank's solution (NaCl 8.00
and KH 2 PO 4 0.06 g L −1 , pH 7.4) using electrochemical working station (Autolab, Metrohm, Switzerland) at room temperature. The exposure area of specimen was 1 cm 2 . The open-circuit potential (OCP) of each specimen was continuously monitored for 1 h. Afterwards, potentiodynamic polarization was performed at a scanning rate of 1 mV s −1 . Corrosion parameters including open-circuit potential (OCP), corrosion potential (E corr ) and corrosion current density (i corr ) were estimated from the polarization curves by Tafel analysis based on the polarization plots. The Tafel slope was carefully determined in the potential range of 130-300 mV away from E corr both on the cathodic curve and the anodic curve as the selection may cause large variations [36] . After electrochemical test, SEM was conducted to observe the surface morphologies. Three to four measurements were carried out for each implanted element as well as for the untreated Mg-Ca alloy samples.
Immersion test
The immersion test was developed according to ASTM G31-72 in Hank's solution at 37 • C, with a ratio of solution volume to sample surface area (V/S) at 20 ml cm −2 . The immersion test started with the pH value of Hank's solution at 7.4. After 14 d immersion, the samples were taken out of the solution and rinsed with distilled water and dried in air. The surface morphologies and composition of corrosion products were characterized by SEM coupled with EDS. Three duplicates were used for each implanted element as well as for the untreated Mg-Ca samples.
Indirect cell viability and proliferation evaluation
Cell viability and proliferation evaluation was conducted according to ISO 10993-5: 2009 . Human osteosarcoma cells (MG63) were utilized to assess the biocompatibility. MG63 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U ml −1 penicillin and 100 g ml −1 streptomycin, in a humidified atmosphere with 5% CO 2 at 37 • C.
The polished samples were washed, dried in air and sterilized. The samples were incubated in DMEM supplemented with 10% FBS for 24 h with the extraction ratio at 1 cm 2 ml −1 . The original 100% extracts were used as experimental groups. Besides, the current ISO protocol is used for evaluating the cytotoxicity of permanent implants. As for biodegradable Mg-based alloy, the high ion concentration and pH value may interfere the true biocompatibility [37] . Thus 50% extracts were also conducted as experimental groups. Cell culture medium was used as negative control and the cell culture medium with 10% dimethylsulfoxide (DMSO) was positive control. Cells were seeded in 96-well plates at a density of 5 × 10 3 cells per 100 l medium and incubated for 24 h to allow attachment. Then cell culture mediums were substituted by extracts at two concentrations, and incubated for 1, 2 and 4 d, respectively. After each incubating period, the extracts were all replaced with cell culture mediums and then 10 l of CCK-8 was added to each well and incubated for 2 h at 37 • C. The spectrophotometric absorbance of each well was measured with a microplate reader (Bio-RAD 680) at a single wavelength of 450 nm.
Statistical analysis
Statistical analysis was performed with SPSS 18.0 for Windows software (SPSS Inc., Chicago, USA). One-way analysis of variance (ANOVA) followed by Tukey post hoc tests was used to statistically analysis all the data. A p-value <0.05 was considered statistical significant difference.
Results
Microstructure
The microstructure of the surface of Mg-1Ca alloy samples before and after ion implantation is shown in Fig. 1 . After ion implantation, all the implanted samples display changes on surface morphologies. The surfaces after Ag ion implantation ( Fig. 1(b) ) and Fe ion implantation (Fig. 1(c) ) show slight alteration on the surface roughness compared with untreated Mg-1Ca ( Fig. 1(a) ). Besides, particles can be seen on the surfaces after Ag and Fe implantation. As for Ag-implanted sample, apart from the particles on the surface, obvious dark color area can been seen in Fig. 1(b) , which may be grain boundaries and second phases aggregated along grain boundaries. After Y ion implantation, a shutter-like surface morphology can be seen in Fig. 1(d) . There are also cracks on the surface. Moreover, since the cracks divide the surface into separated areas, the shutter-like morphology in every separated region shows similar orientation, as the image with higher magnification in Fig. 1(d) shows, whilst in different separated regions the orientation is different.
The surface alteration of the implanted samples may be due to that the MEVVA current is relative high (2 mA/cm 2 ) and the vacuum of MEVVA is relative low. Previous research had reported the temperature was near 200 • C with a beam current density of 2.5 mA/cm 2 when implanting Al&N into AZ91D alloy by MEVVA [38] . In fact, the temperature no more than 200 • C is also utilized for aging treatment of Mg alloys [39] . Moreover, ion implantation is a non-equilibrium thermodynamic process, which will also cause compressive stress distribution near the surface. Under such aginglike temperature, the residual compressive stress will release, which will also contribute to the surface morphological alteration. As for the equipment consideration, it has been believed that the non-ultra-high vacuum condition of MEVVA instrument would introduce oxygen during implantation in previous literature on NiTi surface modifications [40] . Such heated oxidized environment will obviously change the surface morphology. In this case, Mg alloys with Y ion implantation followed by oxidation are reported to change the surface morphology [30, 31] , which may also suit for this study to some degree. Fig. 2 shows the atomic concentration at different depth underneath the surface before/after ion implantation. Ag-implanted sample shows an oxidized layer of about 50 nm, in which the concentration of Ag is low. Besides, Ag content distribution along with depth follows approximate Gaussian distribution and the implanted layer of Ag is estimated around 90 nm. Ag concentration starts to increase where O concentration starts to decrease, as shown in Fig. 2(b) . Thus in the implanted layer Ag may not exist as oxide according to such relationship. The enrichment region of Ag is at ∼70 nm with the atomic concentration of Ag at 10%. Similar with Ag ion implantation, Fe-implanted Mg-Ca revealed a max Fe concentration of ∼20% at ∼70 nm, with the max concentration depth similar to Ag-implanted and the concentration double of Ag. The implanted layer of Fe-implanted sample is of 110-120 nm, slight larger than that of Ag-implanted sample. Besides, a similar trend of Fe and O curves can be seen in Fig. 2(c) , indicating that the implanted Fe may exists incorporated with O as oxide/hydroxide. What is more, Ag and Fe implantation have altered the distribution of Ca. As shown in Fig. 2(b) and (c), more Ca is detected near the surface, which may be attributed to the thermal effects on the surface and subsurface under ion implantation. According to the activity of metals, Ca is easier to be oxidized than Mg. Besides, previous research also reported the change of valence of the alloying elements in Mg alloys after ion implantation [20] . Thus the modified layer of Ag-implanted Mg-1Ca alloy and Fe-implanted Mg-1Ca alloy can be divided into two sublayers. The outer is an oxidized layer composing Mg, O and lower content of implanted ions, whilst the inner is the ion implanted region abounded with implanted elements. Y distribution (Fig. 2(d) ) is very homogeneous from 10% atomic concentration at the surface and decreases gradually after ion implantation, which is quite different from the curves of Ag and Fe. The implantation layer is estimated more than 200 nm. The homogeneous distribution of Y is consistent with previous study [30]. However, the oxidized layer can still be divided into two parts where the content of implanted ions is relatively stable. The outer layer contains less Mg and Ca than the Ag-implanted and Feimplanted counterparts, forming an Mg/Ca deficient oxidized layer. The inner layer contains more elements from the matrix. Fig. 3(a) shows the surface XPS of Mg-1Ca alloy after Ag ion implantation. The Ag 3d spectrum assigned to 3d 5/2 and 3d 3/2 , respectively, indicates the existence of Ag 2 O according to previous literature [41] . Although on the surface Ag exists as Ag 2 O, the Ag exists in the implanted layer may be metallic Ag since Ag content dramatically increases at where the O content decreases (Fig. 2(b) ). The slight shift may be due to the equipment condition. The Mg 2p spectrum demonstrating that the valence of Mg on the surface is +2 for either MgO [42] or Mg(OH) 2 [43] . The O 1s spectrum is divided into two curves with two peak, corresponding to the element O in state of O 2− and OH − , respectively [44] . As for the surface-abounded Ca described in Fig. 2(b) , the Ca 2p spectrum reveals that Ca on the surface is Ca 2+ and most probably CaO [45] . Combined with the Ca distribution shown in Fig. 2 , in the oxidized layer, Ca content redistributes (Fig. 2(b) ) and the valence of Ca has changed to +2 (Fig. 3) . The ascribed results demonstrate an oxidized layer composed of Ag 2 O, MgO and possibly CaO and Mg(OH) 2 in the outer oxidized layer. Fig. 3(b) shows the surface XPS analysis of Fe-implanted Mg-1Ca alloy. The Fe 2p 3/2 peak indicates the existence of Fe 2 O 3 [46] , whilst the Fe 2p 5/2 peak at 723.7 eV may be due to the coordinate effects of Fe atom with hydroxyl group [46] . However, the rough curve shown in Fig. 4(a) indicates limited Fe detected on the surface, which may affect the accuracy when calibrating the chemical environment of Fe. The Mg 2p spectrum, O 1s spectrum and Ca 2p spectrum are similar to those of Ag-implanted sample, indicating similar valence of Mg, O and Ca on the surface. That is, the oxidized layer of Fe-implanted Mg-1Ca is made up of Fe 2 O 3 , MgO/Mg(OH) 2 and possibly CaO. Fig. 3(c) shows the surface XPS analysis of Y-implanted Mg-1Ca. Two peaks assigned to Y 3d 3/2 and Y 3d 5/2 are in good accordance with previous study [47] . It is need to be noted that the intensities of Mg 2p and Ca 2p detected in Y-implanted Mg-1Ca are dramatically lower than those in Ag-implanted Mg-1Ca and Fe-implanted Mg-1Ca. The O 1s spectrum and Ca 2p spectrum show little difference from previous Ag-implanted Mg-1Ca and Fe-implanted Mg-1Ca except that the intensities of Mg and Ca are distinctly lower than those in Ag-implanted Mg-1Ca or Feimplanted Mg-1Ca for the curves are rougher. That is, the oxidized layer of Y-implanted Mg-1Ca is mainly composed of Y 2 O 3 /Y(OH) 3 and fewer MgO/Mg(OH) 2 and CaO. Fig. 4(a) shows the potentiodynamic polarization curves of Mg-1Ca matrix, Ag-implanted, Fe-implanted and Y-implanted Mg-1Ca alloys in Hank's solution. Typical parameters acquired from electrochemical tests have been included in supplementary data (Table S1 ). The corrosion current density for Ag and Fe ion implantations increase and weaken corrosion resistance. After Y ion implantation, the corrosion resistance is enhanced since the current density is lower and the corrosion resistance is improved by three folds (0.69 ± 0.18 mm y −1 ) compared to the control untreated Mg-Ca (2.10 ± 0.21 mm y −1 ). Moreover, typical local corrosion can be seen on the surface of untreated Mg-Ca (Fig. 5(a) ). As for Ag-implanted samples, an obvious layer of corrosion products can be seen in Fig. 5(b) . Fe-implanted Mg-1Ca possessed similar morphology of thick corrosion product layer with Ag-implanted sample. Y-implanted sample performs the most uniform corrosion morphology, as shown in Fig. 5(d) . The homogeneous morphology indicates enhanced corrosion resistance after Y ion implantation. That is, Mg-1Ca alloy after Y implantation shows superior corrosion resistance over Ag-implanted Mg-1Ca, Fe-implanted Mg-1Ca and untreated Mg-1Ca in electrochemical tests. Fig. 4(b) exhibits the pH value change of Hank's solution incubating samples against time. In terms of Ag-implanted group, pH value increases rapidly to ∼10.5 after first 24 h immersion and then becomes stable. Fe-implanted group shows similar tendency. The quick increase of pH values demonstrates the strong effects of galvanic corrosion both in Ag-implanted and Fe-implanted groups, which is in agreement with electrochemical tests. As for Y ion implantation, in the first 6 h of detection, lower pH value (8.51 ± 0.03) is obtained, compared to the untreated Mg-1Ca group (8.61 ± 0.02), with significant difference (p < 0.05). However, later the pH value of Y-implanted group increases quicker than Mg-1Ca group.
Surface chemistry
Electrochemical corrosion behavior
Immersion corrosion behavior
The surface morphologies of untreated Mg-1Ca matrix and ion implanted samples after 14 d immersion in Hank's solution are illustrated in Fig. 6 . After 14 d immersion, all four group samples were covered with corrosion products. The corrosion products composed of C, O, Na, Mg, P and Ca, are detected on the surface of untreated Mg-1Ca matrix. Besides, cracks are also visible ( Fig. 6(a) ). Ag implantation causes thick layer of corrosion products, as shown in Fig. 6(b) . EDS analysis reveals the existence of C, O and Ca in area B in Fig. 6(b) . Fe ion implantation also leads to severe corrosion. The EDS analysis of area C in Fig. 6 (c) demonstrates that apart from C, O and Ca, trace elements of Na, Cl, Ca and P are also existed. As for Y ion implantation, after 14 d immersion, needle-like corrosion products can be seen on the surface of Y implanted samples and the corrosion products are much less than those of Ag-implanted and Fe-implanted counterparts. Moreover, compared to the control Mg-1Ca matrix, much more Ca and P, with the Ca/P ratio at 1.42, were detected from EDS analysis of area D in Fig. 6(d) . (Fig. 4(b) ), since previous researches have demonstrated the good biocompatibility of Mg-Ag alloy [32] , Fe-based biodegradable materials [48] . Moreover, the high ion concentration and pH value may interfere the true biocompatibility of magnesium alloys [37] . Cells cultured in 100% extract medium of Y-implanted Mg-1Ca show comparable viabilities to untreated Mg-1Ca group (p > 0.05).
Cytotoxicity evaluation
Once diluting the extracts into 50%, the cell viabilities are all improved. The biocompatibilities of the Ag-implanted Mg-1Ca medium and the Fe-implanted Mg-1Ca medium are greatly enhanced. Meanwhile, the 50% extract of Y-implanted Mg-1Ca samples cultured cells show superior viability to the control untreated Mg-1Ca group.
Discussion
Based on the current study and existed literatures, two kinds of implanted ions are grouped, as shown in Fig. 8 . (i) Type I refers to the ions that cannot form compact oxidized layer on the surface but particles both in the implanted layer and oxidized layer. For example, Zn, Ag and Fe are all reported to follow Gaussian distribution after ion implantation [27] [28] [29] . The implanted ions are reported mainly at metallic state in the implanted layer [25, 28] . Besides, since the surface of Mg alloys are always easy to absorb carbon and water in air, some implanted ions with short diffusing distance may also form oxides in the oxidized layer. Thus the oxidized layer is a mixture of the oxides of implanted ions and elements from the matrix, which are Mg and Ca in this study. The mixed oxidized layer is not compact enough to prevent water penetration, which may be due to the existence of loose MgO. Then galvanic corrosion occurs, and the formation of Ca/P on the surface may also be destroyed because of the strong galvanic effect. Besides, the galvanic corrosion will become severer since more galvanic couples form with the increase of metallic Mg working as anode. Moreover, with water penetrating to the metallic substrate, impurities and defects will also induce severer corrosion. Further corrosion process involving impurities can be seen in detail elsewhere [49] . (ii) Type II indicates implanted elements with the ability to form compact oxidized layer, such as Al, Ti, Zr, and Y [20, 21, 24, 31] . As shown in Fig. 8 , an outer oxidized layer forms after type II ions implanted to Mg alloys. The implanted ions are relatively uniformly dispersed in the oxidized layer and gradually reduced along with depth. In the outer oxidized layer, the content of oxides of elements from matrix, Mg and Ca in this study, will be much lower than that after Type I ion implantation. This oxidized layer mainly composed of oxides of implanted elements can work as a barrier to water and also prevent the penetration of Cl − in philological fluids to Mg alloys. Meanwhile, Ca/P may form and aggregate better on the surface if the implanted ions are biocompatible. However, once the Mg deficient oxidized layer is damaged, similar reaction under galvanic effect with type I will occur since there is still a region composes of implanted ions and metallic Mg and/or the existence of defects will also contribute to galvanic corrosion [49] . Thus the protecting effects depend on the thickness and purity of the oxidized layer. So far, dual ion implantation of metallic ion and oxygen has been reported to promote the corrosion resistance [22, 25] . Besides, oxidation treatment after plasma ion implantation may be one another solution. Further work will focus on thickening the oxidized layer by Y&O dual implantation or oxidization after Y-implantation, to generate customized layer thickness by altering parameters.
Conclusions
In this study, biocompatible Ag, Fe and Y ions were implanted to Mg-Ca alloy by MEVVA. The surface changed after plasma ion implantation because of heat effect and oxidization. Ag and Fe followed approximate Gaussian distribution whilst Y performed uniform distribution along with the depth. Y ion implantation revealed a short protecting effect because of the formation of Mg/Ca-deficient Y 2 O 3 layer on the surface. The biocompatibility of Y-implanted Mg-Ca is comparable to Mg-Ca. Moreover, two different mechanisms are illustrated and discussed to give reference for further investigations. In general, Y ion implantation is promising for orthopedic applications by thicken the oxidized layer either through Y&O implantation or oxidization treatment after Y-implantation.
Municipal Science and Technology Project (Z131100005213002) and Project for Supervisor of Excellent Doctoral Dissertation of Beijing (20121000101).
